Background: Before embarking on administrative research, validated case ascertainment algorithms must be developed. We aimed at developing algorithms for identifying inflammatory bowel disease (IBD) patients, date of disease onset, and IBD type (Crohn's disease [CD] vs ulcerative colitis [UC]) in the databases of the four Israeli Health Maintenance Organizations (HMOs) covering 98% of the population. Methods: Algorithms were developed on 5,131 IBD patients and 2,072 controls, following independent chart review (60% CD and 39% UC). We reviewed 942 different combinations of clinical parameters aided by mathematical modeling. The algorithms were validated on an independent cohort of 160,000 random subjects. Results: The combination of the following variables achieved the highest diagnostic accuracy: IBD-related codes, alone if more than five to six codes or combined with purchases of IBDrelated medications (at least three purchases or ≥3 months from the first to last purchase) (sensitivity 89%, specificity 99%, positive predictive value [PPV] 92%, negative predictive value [NPV] 99%). A look-back period of 2-5 years (depending on the HMO) without IBD-related codes or medications best determined the date of diagnosis (sensitivity 83%, specificity 68%, PPV 82%, NPV 70%). IBD type was determined by the majority of CD/UC codes of the three recent contacts or the most recent when less than three contacts were recorded (sensitivity 92%, specificity 97%, PPV 97%, NPV 92%). Applying these algorithms, a total of 38,291 IBD patients were residing in Israel, corresponding to a prevalence rate of 459/100,000 (0.46%).
Introduction
Population-based cohorts of inflammatory bowel disease (IBD) hold a large potential to facilitate our understanding of this disease by exploring its different aspects such as epidemiology, the effectiveness of treatments, and predictors of disease outcomes. Israel may be an ideal place to study IBD on a population level using administrative databases. It has a universal health care system in which each resident has a unique identifying code from birth, and all are required by law to be insured by one of four Israeli Health Maintenance Organizations (HMOs), namely, Clalit Health Services, Maccabi Healthcare Services, Meuhedet Health Services, and Leumit Health Services, covering 52%, 25%, 14%, and 9% of the population, respectively. 1 The Israeli health care system is composed of hospitals and ambulatory care centers; the latter facility is
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Friedman et al provided by the HMOs insuring 98% of the Israeli population (excluding nonpermanent residents or those with a "tourist" status). All HMOs have "paperless central computerized electronic databases" with extensive data on all health contacts, purchases of medications, procedures (eg, endoscopic evaluations and imaging), laboratory test results, hospitalizations, and mortality, as well as demographic information. The cost of medications is covered almost entirely by the HMO, ensuring high accuracy of drug purchasing records. Records of the HMOs from the hospitals are mostly limited to discharge diagnoses, but in some circumstances, more information is available.
Research on administrative databases can only be performed following rigorous development and validation of algorithms for case ascertainment to accurately identify true IBD patients within the databases. 2, 3 Such algorithms may include a combination of diagnostic codes (eg, International Classification of Disease [ICD] Version 9), health care contacts (hospitalizations or outpatient visits), prescription records, and/or procedure codes.
We thus aimed at developing algorithms for each of the four Israeli HMOs for identifying true IBD patients (ie, prevalence algorithm), date of disease onset (ie, incidence algorithm), and IBD type (Crohn's disease [CD] vs ulcerative colitis [UC] ). We also aimed at validating the chosen algorithms on independent large cohorts randomly selected from each HMO.
Methods

Algorithm derivation: reference standard cohorts
IBD-related diagnostic codes ("codes" henceforth) were defined as codes from the ICD9: CD, 555.x and UC, 556.x (excluding isolated "colitis" [code 555.1], as this is a nonspecific diagnosis). One HMO had internal general codes of "IBD" which were also included (Table S1 provides the complete list of codes).
We first established two reference cohorts of true positive (TP; ie, patients with IBD) and true negative (TN; ie, subjects without IBD), composed of patients who were seen in the gastroenterology outpatient clinics of seven hospitals in Israel (affiliated with the authors' list above) independent of the HMO databases (Figure 1 ), by individual chart reviews. For the TP cases, the chart reviewers also identified the date of diagnosis and IBD type (CD, UC, or IBD unclassified [IBDU] ). The chart reviewers were medical professionals, were experienced in pediatric IBD, and were trained by DT. The process itself included an in-depth longitudinal review of all available information in the charts, including the clinician's coding, free text of medical history and discussion/plan, medications, and procedures and investigations. Questionable cases were judged by DT.
In parallel, we sampled from the HMOs random charts of members who had been insured for at least 1 year with seven or less IBD-related diagnostic codes and determined by individual chart review those who truly had IBD (added to the TP cohort) and those who did not (added to the TN cohort). This was done in order to enrich the cohort with those who had only a few IBD-related codes and thus represent a more challenging group to diagnose. In three HMOs, we sampled 25-100 subjects in each code stratum from one to seven codes (the exact number of subjects depended on local technical constraints). The combined TP and TN groups formed the reference cohort, from which the diagnostic accuracy of algorithms was explored to differentiate IBD from non-IBD, to differentiate IBD type (CD vs UC), and to determine the true date of diagnosis.
Development of the algorithm for identifying IBD cases (ie, prevalence algorithm)
We first verified that the TP cases from the hospitals had at least one code within the HMOs' databases. Next, we linked clinical data from the HMOs to each TP case and TN subject, including IBD codes of diagnoses, physicians' health contacts, procedures, imaging, and purchase of IBD-related medications using the following definitions:
• Codes accompanied by the suffix "rule out" or "suspected" and the nonspecific code "colitis" or "radiation colitis" were excluded, as done by others. 4, 5 • Multiple codes registered by the physicians of the same medical specialty on the same day were considered as one.
• At least 1-year interval was required between the first code or purchase of IBD-related medication and the last follow-up (ie, date of data lock, death, or discontinuation of membership in the HMO), to allow a sufficient "lookforward" period for accumulation of codes.
• Procedures performed for screening purposes (ie, Israeli
Ministry of Health code 5255) as opposed to diagnostic purposes were not counted as procedures.
In the first stage of the algorithm development, we constructed multiple 2×2 contingency tables to differentiate TP patients from TN subjects, utilizing clinically relevant Clinical Epidemiology 2018:10 submit your manuscript | www.dovepress.com
Dovepress
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Novel algorithms to identify IBD patients in Israel combinations of the following variables: the number of IBD codes, IBD-related medications (Table S2) , time periods between purchases of medications, IBD-related procedures (Table S3) , and visits to a gastroenterology clinic. In parallel, statisticians from the Biostatistics Unit of the Gertner Institute for Epidemiology and Health Policy Research independently attempted to derive data-driven algorithms using statistical modeling methods on the same data. The top contending algorithm was selected based on maximizing sensitivity and specificity and was then tested on the validation data set ( "Validation of all three algorithms" section).
Development of the algorithms to identify incident cases of IBD
The transition from paper to electronic records in the HMOs, which occurred during 1998-2003 (depending on the HMO), posed a challenge to accurately identify the true diagnosis date because the first recorded code in the database could be a true incident date or a prevalent case who is merely new to the electronic system. This bias is an unavoidable phenomenon of all computerized databases. 6 The longer the preceding period without an indication of IBD in the database (ie, "look-back" period), the higher the likelihood that the first documented code or IBD-related medication in the database indeed reflects the true diagnosis date. To determine the required look-back period, the true date of disease onset recorded by the chart reviewers in the TP reference cohort was compared with the date of the first IBD code or IBD-related medication purchase in the HMOs' databases. Those who had their first code or medication purchase within the look-back period cannot be used for constructing an incidence cohort, since their date of disease onset cannot be determined with certainty. 
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We explored several combinations of codes, medications, and procedures to develop an incidence algorithm for the date of diagnosis ±1 year. For internal validation, we employed a nontargeted approach in Clalit and Maccabi, the two largest HMOs, by exploring histograms of dates of first codes and medications of all IBD patients in the HMOs (identified by the aforementioned prevalence algorithm), as well as the distribution of codes of anemia, abdominal pain, and diarrhea around the proposed index year, determined by the incidence algorithm. If most of the codes were on or around the proposed index date, this would lend further validity to identifying the index year by the proposed algorithm. Finally, the chosen algorithm was validated on an independent cohort ("Validation of all three algorithms" section).
Development of the algorithms to classify IBD disease type (CD or UC)
IBD type was determined by comparing recorded codes (CD or UC) in the HMOs' databases with the true diagnosis recorded by the chart reviewers in the TP cohort. Several combinations of codes were explored, and the algorithm that maximized predictive values was then validated on an independent cohort ("Validation of all three algorithms" section).
Validation of all three algorithms
Independent of the aforementioned reference cohorts, the validation cohort was composed of 160,000 subjects randomly selected from the HMO's databases (40,000 subjects per HMO) with the only inclusion criterion being a member in the HMO for at least 1 continuous year. Based on our prior findings that almost all IBD patients are identified in the HMO's databases by at least one code, members without any IBD-related codes were automatically categorized in the TN group, while all charts with any IBD-related codes were reviewed independently by two trained chart reviewers. However, to be conservative, we reviewed also subjects with the purchase of any IBD-related medication (Table S2 ) even in the absence of IBD-related codes. Disagreements between the reviewers were resolved by the principal investigator (DT). In only Clalit, charts were reviewed by the treating gastroenterologist. Based on this chart review process, the 160,000 subjects were dichotomized into TP IBD patients and TN subjects. The aforementioned developed algorithms were then tested on this cohort for sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV).
IBD prevalence
Following the validation process, we applied the algorithms on the databases of all four HMOs and identified IBD patients as of December 31, 2015 . Denominators rates were derived from the Israeli National Insurance Institute.
Statistical analysis
The diagnostic accuracy of all algorithms was explored by constructing 2×2 contingency tables to calculate sensitivity, specificity, PPV, and NPV, with 95% confidence intervals (CI). In parallel, the Gertner Institute independently used logistic regression and Classification and Regression Trees analysis to develop data-driven algorithms. Models were tested by applying an automated procedure for Recursive Partitioning and Regression Trees. Inter-rater agreement was calculated via the κ statistic. Data analyses were conducted by using SPSS Version 22.0 0 (IBM Corporation, Armonk, NY, USA), the "rpart": recursive partitioning. R package version 3. 
Results
Prevalence algorithms
We reviewed the charts of 6,455 subjects who visited the gastroenterology clinics of the participating hospitals (ie, outside the HMOs), including 4,886 (76%) TP IBD cases and 1,569 (24%) TN (non-IBD) subjects. Of the hospitals' TP cohort, 4,693 (97%) had at least one IBD-related code in the HMOs. This implies that the likelihood of IBD in a given subject without any codes within the HMOs' databases is negligible, and those not identified by at least one code could be considered as not having IBD. We confirmed this observation later in the validation cohort (see below).
In order to ensure that subjects with only a few codes are properly represented in the cohort, additional 1,150 cases with seven or less codes were added to the TP cohort (n=554, 48%) and TN cohort (n=596, 52%) from the HMOs' databases following individual chart reviews (Table 1; 
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The final derivation cohort thus included 7,203 subjects: 5,131 (71%) TPs, and 2,072 (29%) TNs (Table 1) .
As expected, there was a positive correlation between the TP rate and the number of codes recorded for the subjects until a saturation of >80% TPs had been reached (determined a priori as the sufficient cutoff): in Clalit, Meuhedet, and Leumit after four codes and in Maccabi after five codes (Figure 2 ). We thus concluded that at least five to six IBD codes (depending on the HMO) were necessary to determine TP IBD status, irrespective of other variables. In Clalit, at least one code defined as "permanent" by the physician with one regular code or one hospital discharge IBD-related code with one regular code was also sufficient to represent TP cases with 99% accuracy. All other cases required supportive data to determine the diagnosis of IBD. We thus constructed 942 combinations of codes, procedures, and medications (the number of purchases, time interval between purchases, and cumulative months of intake) to explore in each HMO (Table S4) .
One combination was found to perform best in all HMOs: at least one IBD-related code with either of the following: at least three purchases of IBD-related medications, or ≥3-month interval between the first and last purchase, or ≥2 purchases of steroids/5-aminosalicylic acid enemas ( Appendix 1). The statistical modeling yielded an algorithm (2) 38 (5) 111 (6) 64 (5) 47 (10) 134 (10) 82 (9) 52 (12) 66 (7) 33 (6) 33 (8) 680 (23) 302 (13) 378 (51) 225 (12) 160 (11) 65 (14) 149 (11) 79 (9) 70 (15) 129 (13) 67 (12) 
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Friedman et al that was slightly inferior to the judgmental one in its discriminant utility and was less clinically intuitive; thus, it was not included in the final analysis (data not shown).
In the 160,000 subjects of the validation data set, 1,117 (0.7%) subjects had at least one IBD-related code, and an additional 515 (0.3%) subjects had purchased IBD-related medications in the absence of codes. The charts of these 1,632 subjects (1%) were individually reviewed; the interobserver agreement between the chart extractors was excellent with an agreement rate of 93% (κ 0.87, 95% CI 0.78-0.97).
Only eight (1.5%) of the 515 patients without IBD codes who had commenced on IBD-related medications were true IBD cases. Based on these findings, as well our previous finding from the hospital cases, we confirmed that those without any IBD codes do not have IBD with an accuracy of almost 100%. Eventually, only 718 (64%) of the 1,117 subjects with at least one code were determined as true IBD patients by the chart review (0.5% of the entire validation cohort).
We then applied our derived algorithm to the validation cohort. Although each HMO was analyzed separately, the chosen algorithm achieved high and similar accuracy in all four HMOs ( 
Identifying diagnosis date (ie, incidence algorithm)
We determined a priori that the look-back period should achieve an accuracy of at least 80% for identifying the date of diagnosis, to balance between the accuracy of the algorithm and allowing enough years of follow-up. This has been achieved in 2005 in three of the four HMOs. Maccabi achieved this threshold in 2003, but in order to standardize the incidence cohort, we decided to implement 2005 as the cutoff year across all four HMOs -translating to a look-back period of 5 years in Clalit and Maccabi, 3 years in Meuhedet, and 2 years in Leumit (dictated by the inception date of the computerized systems).
The HMO-specific look-back period in combination with ≥1 year of membership has been determined as the most accurate incidence algorithm, after reviewing many options by 2×2 tables. By this algorithm, 82% of cases in the incidence cohort had an incidence date that matched the true date within ±1 year, meeting our a priori threshold. Further combinations that included codes of anemia, diarrhea, and abdominal pain, as well as excess use of medical services or IBD-related procedures, did not enhance the diagnostic accuracy.
For internal validation in Clalit and Maccabi, we confirmed that codes related to anemia, diarrhea, and stomach pain were most frequent around the index year determined by the aforementioned algorithm ( Figure 3A-D) . Finally, we 
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Novel algorithms to identify IBD patients in Israel validated the algorithms in the four HMOs on the validation data set of 160,000 subjects resulting in a pooled sensitivity of 83% (95% CI 78%-88%), specificity 68% (60%-75%), PPV 82% (78%-85%), and NPV 70% (64%-76%; Appendix 1).
Algorithms to classify IBD disease type (CD or UC)
The most accurate algorithm of all options was the majority of CD-or UC-specific codes out of the three most recent health care contacts or the most recent code when only one or two codes were available or when there was one CD, one UC, and one IBD diagnosis. This algorithm achieved a pooled sensitivity of 92% (95% CI 88%-95%), specificity 97% (94%-99%), PPV 97% (94%-98%), and NPV 92% (89%-94%) on the validation cohort (Appendix 1). As there is no specific code for IBDU in either the ICD9 system or the HMOs, this phenotype could not be categorized by our algorithm. Of the 38 IBDU cases from the hospitals, 16 were recorded in the HMO databases as CD, 19 as UC patients, and three with a general "colitis" code.
IBD prevalence
On December 31, 2015, a total of 38,291 IBD patients were residing in Israel, corresponding to a national prevalence rate of 459/100,000 (0.46%), of whom 20,196 (52.7%) had CD, 17,810 (46.5%) had UC, and 285 (0.8%) had only a general IBD code (available in one of the HMOs) and thus could not be classified as either UC or CD. A manuscript with complete analyses of the epidemiology of IBD in Israel based on these algorithms is underway.
Discussion
Following a rigorous multistep process, we developed and validated novel algorithms for exploring population-based IBD in Israel using health administrative data. These algorithms included a prevalence algorithm, an incidence algorithm (for constructing a population-based inception cohort), and an algorithm differentiating CD from UC. We found that codes were very sensitive, but not specific. In fact, nearly one third of those with at least one IBD-related code did not have IBD by chart review, in both the derivation and validation cohorts in all four HMOs. This emphasizes the importance of developing accurate classification algorithms prior to the utilization of any administrative database worldwide. 2 Using health administrative data is an efficient method for constructing population-based surveillance cohorts 4 while minimizing selection and referral biases. However, using these data that were recorded for nonresearch purposes may be hampered by several inherent limitations. 5 Misclassification of the target population is the most notable barrier, and therefore, rigorous validation of diagnostic algorithms is of upmost importance. 2, 7, 8 The validity of using codes to identify the disease under study varies between different diseases. 9 IBD may be a particularly challenging disease to ascertain, given the diversity of phenotypes and disease course. Another inherent limitation of any electronic database stems from the relatively recent computerization of health records, resulting in suboptimal performance of the algorithms. It is possible that patients diagnosed long ago and entered complete sustained remission without any IBD treatment may be missed from our prevalence cohort. However, ~98% of existing patients from the medical centers had at least one code within the HMO; thus, this misclassification bias is likely negligible. The bias in the incidence cohorts may be higher (as it is unknown always whether the first code is indeed the first ever or merely the first after computerization), but we reached sufficiently accurate algorithm that is expected to gradually improve further as the time interval increases from the inception of computerization. A third limitation, specific to Israel, is that our data do not include a code for IBDU, and these patients are coded as either CD or UC. Finally, HMO data do not typically include hospital data (except for general discharge diagnoses) or the explicit findings of procedures (eg, endoscopic, radiologic, and histologic results).
Our algorithms are among the most accurate IBD algorithms reported to date (Table 2 ). We performed the derivation and validation processes independently in each of the HMOs, and the fact that the same algorithms achieved the best accuracy across all four HMOs lends further support for their validity. In addition, Israel is unique in several parameters that may improve the accuracy of administrative data. Every citizen is entitled to health care provided by an HMO, who in turn holds records of comprehensive paperless clinical data on centralized servers. Medication records are highly accurate since their cost is covered if purchased through the HMO. Indeed, we found that the purchase of IBD-related medications was the most effective identifying characteristic of IBD cases in addition to physicians' codes. Another advantage of our database, overcoming to some extent the aforementioned limitations, is that the subjects' de-identified unique number can be linked to other national repositories including cancer, mortality, hospitalization, and surgeries.
Population-based administrative IBD research has been conducted in several regions of the world, such as in Canada's Ontario, Manitoba, and Alberta provinces, as well as in the UK, Denmark, Kaiser Permanente, and the USA's PharMetrics 
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Novel algorithms to identify IBD patients in Israel database. 3, [10] [11] [12] [13] [14] [15] [16] [17] Not all published case ascertainment algorithms were thoroughly developed and validated ( Table 2) . The Ontario Crohn's and Colitis Cohort is based on hospital discharge data, billing claims, and demographic data, but medication data are available only for patients >64 years, which improves the accuracy in this age group. 10, 11 Similar to our findings, they found that 99.5% of IBD patients had at least one IBD code. 2, 10 Rezaie et al achieved high accuracy in Alberta via an algorithm that incorporated the number of hospitalizations and physician contacts without medication data. 3 Additional IBD algorithms are based mainly on IBDrelated codes and hospitalizations (Table 2 ).
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Conclusion
We developed and validated algorithms to identify IBD cases in the four Israeli HMO databases. The algorithms are now being used for constructing the population-based Epidemiology of the Israeli IBD Research Nucleus administrative database that includes 38,291 IBD patients as of the end of 2015. The diagnosis date can be determined in 13,910 (36%) 
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Friedman et al patients for constructing inception cohorts. This work forms the basis for extensive future research of IBD in Israel. The rigorous methodology described in this manuscript may be adapted to other countries in order to ensure exploiting the full potential of population-based research in IBD.
Study highlights Current knowledge
• Changes in the natural history of inflammatory bowel diseases (IBDs), risk factors, disease trends, and poor disease outcomes are best studied in a population-based setting.
• Few validated IBD national cohorts exist with the potential to link extensive medical, environmental, and socioeconomic data to the cohort; the structure of the Israeli health care systems provides such an opportunity, provided that validated algorithms accurately identifying the patients are developed.
What is new here?
• We have developed and validated powerful algorithms to correctly identify true IBD patients in Israel, as well as diagnosis date and disease type.
• After applying the algorithms to the four Israeli Health
Maintenance Organizations' databases, we calculated the national prevalence rate of IBD at the end of 2015.
• The implementation of these algorithms will form the bases for extensive IBD population-based research, impacting numerous clinical aspects.
The rigorous methodology described here may be adopted in other countries in order to ensure exploiting the full potential of population-based research in IBD.
